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Abstract - -Mathemat ica l  model and computer simulation for solution of transient flow in the 
complex pipe network of centrifuge cascade has been made to predict he behavior of its different 
components and their mutual interaction. To make it more practical and efficient, a number of 
technical aspects ignore~ in other models have been included. All possible fittings of the system 
have been included and optimizing techniques developed to simulate the components and to achieve 
fast solution are presented. The model is especially developed to cater flow of gas in complex low 
pressure network having number of feedback or recycling loops. The system of partial and ordinbxy 
differential equations along with a number of algebraic equations arising from the physical network 
have been analyzed and solved. ~) 1998 Elsevier Science Ltd. All rights reserved. 
Keywords-- -Transient  flow model, Pipe network flow simulation, Ordinary and hyperbolic partial 
differential equations, Computational algorithm, Stiff system of equations, Pipe network component 
modeling. 
NOMENCLATURE 
Symbol Quantity Symbol 
A crces-sectional rea of pipe in cm f 
squared H 
area of valve flow cm squared 
B dimensional/units conversion i 
constant 
C local velocity of sound in the gas l 
D diameter of pipe in cms 
le 
E, F symbols for mathematical functions 
Quantity 
Darcy friction factor 
dimensional/units conversion 
constant 
node or mesh number in pipe 
equations 
actual" length of pipe in cms 
additional pipe length in cms 
equivalent to obstruction 
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Symbol Quantity Symbol 
L axial length of centrifuge machine /3 
in cms 
M friction term multiplier to cater the 7 
pipe fittings 
~} 
m mass flow rate in g/sec 
P pressure in tors P 
q locally defined pipe constant ~- 
rl internal radius of centrifuge 0 
machine o~ 
r ratio of pressure down and up 
stream of a valve 
~tx 
R gas constant 
t time variable in seconds av 
T temperature in degree Kelvin 
U value of pressure or flow estimated J 
by relaxation 
v volume in cms 3 k 
V volume of tank 
Vr volume of centrifuge machine or n 
rotor p 
w locally defined junction/tank 
constant 
7" 
x space variable in cm 
~J 
y axial or vertical dimension of 
centrifuge machine 
Z constant depending on gas con- 
stant, temperature, angular 
velocity of centrifuge machine, and 
system of units 
Quantity 
dimensional constant depending 
upon system of units 
ratio of two specific heats of a gas 
coefficient of viscosity of the gas 
density of gas 
time constant of a valve in seconds 
angle in radian 
angular velocity of centrifuge 
machine 
subscript referring to axis of 
rotation 
subscript for average over the 
entire domain 
subscript referring to junction 
related quantities 
subscript referring to pipe number 
in junction equation 
subscript for iteration umber 
subscript indicating quantities 
related top product 
subscript for radial position r
subscript indicating quantities 
related to waste stream 
1. INTRODUCTION 
Simulation of dynamic gas flow in a pipe network requires a mathematical  model of the whole 
network. Such models consist of large number of nonlinear hyperbolic partial differential equa- 
tions describing flow in pipes with boundary conditions in the form of ordinary differential or 
algebraic equations. Diverse and acute nature of the equations and vast variations of constants, 
parameters, and variables necessitate the formulation which could simulate the system and en- 
able the parametric studies and provide efficient, stable, and reliable physical results. There do 
exist some models [1-4] for flow of high pressure gas in a simple tree-type network with large 
pipe dimensions. However, these could not cater the low pressure gas flow in complex pipe net- 
works with recycling loops, various fittings, and small pipe dimensions of a uranium enrichment 
centrifuge cascade, a t iny symbolic model of which is shown in Figure 1. The present model is 
formulated to handle most of these requirements. To make the model more practical and efficient, 
a number of technical aspects ignored in prevailing models have been included. 
2. MATHEMATICAL  MODEL 
In the following sections, the behavior of each of the components constituting the network is 
modeled mathematical ly and the corresponding component flow rates and pressures are given by 
the equations written below. 
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Figure 1. Model centrifuge cascade with four stages and nine machines. 
2.1. P ipe 
The hyperbolic partial differential equations for transient flow in a pipe [1] are 
(i) continuity equation 
OP RT Om 
=0; 
(ii) momentum equation 
Om 
+ BAox  + - -  __ + = O. Ot A Ox DPA 
(1) 
(2) 
The term (RT /A)~ (m2/p) complicates the equation while its contribution is almost negligi- 
ble. Magnitude wise, the term in the above equation are of the order given by 
Om cop RT O (m~__~l 2fRTm,m, 
Ot " BA~x : A Ox : DPA =0.1:1.0:0.01:1.0. 
% / 
Neglecting the third term, we have equation (2) as 
Om ~xx 2RTfm[m[ = 0. (3) 
Ot + BA + DPA 
2.2. Flow Obstruct ion by Pipe Fitt ings 
A pipe may have bends, junctions, valves, and other fittings. These fittings resist the flow 
and their effect is included by introducing multiplier M in friction term of equation (3) above, 
where M is given by 
l +l~ 
M-- - - -  
l 
Here le is the equivalent length of pipe fittings having diameter equal to that of the actual pipe 
and l being the actual ength of pipe. The inclusion of M in equation (3) will include the effect 
of abstraction while eliminate the unrealistic accumulation f fluid by the equivalent pipe length 
which is normally used in steady state flow rate calculations. Further, this will eliminate the time 
lag introduction, while the obstruction to the flow will be fully taken into account. Equation (3) 
will thus become 
0m "'~ 2RTfMImlm = 0, (4) 
--~ + BA _ + DPA 
where M will be 1 for pipes having no obstruction or fitting. 
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2.3. Pipe Junct ions And Tanks 
The differential equations for a pipe junction (Figure 2) and/or storage/buffer tank is 
dP RT  
"~- + V + EAAx' (Emout -- Emin) = O, 
or dP RT  
~i- + v + ~Ahx '  (~m) = 0, (5) 
where V is the volume of the tank and EKffilAx~A~ is the volume of the junction made by segments 
of meeting pipes. In case of simple pipes, junction V will be zero. 
-3 
I-2 
Pl 
m p m 
. . . . . . . .  IL3 llh > I'-1 I 
2 
Figure 2. Three leg junction with component pipes nodes numbering associated with 
flow and pressure. 
2.4. Centri fuge Machine 
The centrifuge machine is treated as a pump cum storage tank in this study. For centrifuge as 
storage tank, the continuity equation is given by 
dPav [iT (Era) = O. (6) 
d---~- + ~-r, 
The average pressure is used in the above equation for centrifuge because it varies exponentially 
with radius r and is given by Boltzmann equation [5] 
Pr = Paxe zr2, (7) 
where 
Thus, 
co 2 
Z= 2~RT" 
P~, = L P~ d~ = L P, a~ 
v~ Ldv 
(e - I) 
zr~ 
or 
P .  = 
I)' 
(8) 
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and therefore, due to its pumping action, the pressures at the product and waste scoops of the 
centrifuge are 
Z C eZH'd 
Pp =Pay  eZr'--~-- ~ , 
Zr~CweZH2r~ 
= Pay 
where 
(9) 
2.5. Valve 
Equation of flow 
(10) 
C• ~ 
Cw- -~ 
1 [4ZH2r~ - (7 - 1)] 
7+1 
1 [4ZH2r2w - (7 - 1)]. 
7+1 
through a valve is given by 
~TB(72-~_l)(r2/7-r(~+1)/~), for subsonic flow, (11) m = CdA~P~,  
Here r = Pd/Pn 
~TB (__~)  (7+1)/(7-1) 
m = CdAvP~ -~ , for sonic flow. (12) 
and A is given by 
m 
dA A 
- -  = - - .  (13)  
dt r 
3. D IFFERENCING SCHEME 
Partial differential equations are usually classified as elliptic, parabolic, or hyperbolic according 
to whether b 2 is less than, equal to, or greater than 4ac in the general second-order partial 
differential equation, normally, 
c92u b 02u C~2U 
a-~x2 + OxOt + c-~-~ = 0, (14) 
ou ott where a, b, c may be functions of u, x, t, ~ ,  ~ ,  or constants. 
Transformation of equations (1) and (4) into the second-order partial differential equation 
of the form given by equation (14), proves them to be hyperbolic. As indicated by [6] and 
experienced by the authors, the explicit differencing scheme [1] due to binding on time step by 
the stability criterion is too expensive regarding CPU time for small pipe lengths. Fully implicit 
scheme, although stable, but its accuracy is not as good as that of the Crank Nicklson scheme 
for small time steps. The Crank Nicldson scheme on the other hand, being stable and accurate 
at small time steps, gives nonphysical results at large time steps. The difference scheme as used 
by [2,3] being fully implicit for equation (4) and fully Crank Nicldson for (1) have shown success 
for moderate time steps, and hence, is used here. Thus, partial derivatives in equation (1) are 
replaced by 
OP _ P~-P~' ] 
0t -  At[ o m°]  I Crank Nicklson, 
0m 1 m~+l + rni+ 1 m~-i + ~-i 
Ox -- 2Ax " 2 2 
and that of equation (4) to 
at - At I Fully Implicit. 
OP _ Pi+l - Pi-1 
Ox - 2Ax 
Here variables with superscript "o" are for time t and without hat are at t + At. 
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4. COMPUTATIONAL ALGORITHM 
Using the above differencing scheme for hyperbolic partial differential equation, the components 
of the pipe network are modeled as detailed below. 
4.1. Pipes 
The pipe equation (1) after differencing and rearranging reduces to 
4AAx 4AAx 
-mi-1 + mAt -fi + mi+l = mz_1 + mp: _ my+;,, 
and equation (4) reduces to 
-Pi-l + 4mfMlmilAx 
A2BDPi 1 m. + p.+l _ 2Ax m? * I BAAt ” 
(15) 
(16) 
This equation contains nonlinear term (Im#Pi)mi, which is linearized by making the solution 
iterative and replacing Imil/Pi by (21mfl)/(Pf+l + PE1), where superscript “*” refers to the 
values of variables at current time step, but at previous iteration. The R.H.S of equations (15) 
and (16) are known while the L.H.S contains the unknowns. Thus, at time t + At value of Pi can 
be calculated from equation (15) if rni+l and mi_1 are known, i.e., the values of flow rates at the 
neighboring points on the two sides at the current time step. Similarly, equation (16) gives the 
value of ??Zi at current time step if Pi+1 and Pi-1 at current time step are known. 
Pressure at nodes 
$~ I 
I I $ 
. . . . 
I I 
1 2 3 4 5 II 
I . ..J 
? ? 
Flow at nodes 
Figure 3. Distribution of flow and preamre associated nodes in pipe. 
Thus, instead of calculating pressure and flow rate at all points if we arrange calculation of 
pressure and flow rate at alternate points along pipe length as in Figure 3, and arrange the 
equations in sequence of the points, we get a set of equations which when solved simultaneously, 
gives current values of pressure and flow rates at the corresponding points provided the end values 
are given. In this procedure, equation (16) is replaced by 
Sf RTMImfI Ax 1 2Ax + A2BD (P,;l + P&) mi + ‘+’ = ABatm’* (17) 
The ends of pipe are pipe junctions (or tank), then equation (5) directly gives pressures at the 
ends of pipe. In a case when the end of a pipe is a centrifuge machine, then equation (6) gives 
the average pressure in the centrifuge, which is then used to evaluate the pressures at the end 
of the pipe with the help of equations (8), (9), or (lo), respectively, for feed, product, or waste 
pipes. Further, the pipe is divided into an even number of segments and flow rate is calculated 
at even points while pressure is calculated at odd points. However, if there is a fitting-like valve, 
the equation of which gives flow or if it is any of the terminal ends of network that gives the 
flow rate at one end of the pipe, while pressure-end fitting is at the other end, then the pipe is 
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divided into odd sections and pressure and flow rate are again computed at odd or even as per 
assigned convention. Knowing the values of variables at the two ends of a pipe with I nodes or 
mesh points, there are I - 2 unknowns for the rest of I - 2 points along the pipe and they can 
be calculated simultaneously b  solving I - 2 equations thus arrived at. 
The set of equations written in matrix form for every pipe are 
AX = D, (18) 
which is of the form 
b2 c2 
a3 b3 C3 
a4 b4 C4 
a~ b~ c~ 
ai-2 bl-2 CI-2 
ai-1 bi-1 
X3 
):4 
X~ 
Xx-2 
\X I -1  / 
d2 - a2X1 
d3 
d4 
---- . 
d~ 
di-1 
, dl - Cz- lX l  
Here a = -1,  c = 1, and d are the right-hand side of equations (15) and (17), respectively, for 
odd and even node with end conditions, while values of b at odd nodes are given by 
4AAx 
b~ = RTAt '  
and on even nodes are given by 
b~= ~2Ax + 8fRTM[m~I  (19) 
BAAt  A2BD(P* - I  + P~+I) 
and 
where 
16 
f~ = ~ laminar flow Re < 2300, 
f~ = (0.533Rei-530.4027)10 -s transition flow 2300 < Re < 3000, 
0.0791 
f~ = ~ turbulent flow 3000 < Re < 80000, 
~$ ]2 
[ 3.9 lOgl0 + 0.074 high turbulent flow Re > 80000, £ 
(20) 
(21) 
(22) 
(23) 
Rei = 4 Im~____~ (24) 
rz/D 
The solution vector [X] of equation (5) can be calculated using subroutine TRIDAG [7,8] 
with the help of matrix [.4] and [D]. The values thus found are used in equations (19)-(24) 
to correct b~'s in matrix [,4] and procedure repeated until the solution vector ceases to vary 
appreciably. 
4.2. Pipe Junctions, Tanks, and Centrifuge Machine 
Differential equations (5) for pipe junction (Figure 2) or tank, and equation (6) for the cen- 
trifuge machine may be written in algebraic form conforming to the differencing procedure of 
partial differential equation for pipe as 
= K mk + mg , (25) 
At ~ + ~"~kffi AkAxk 
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where K is the number of pipes meeting at this junction or tank, Vj is the volume of tank ( = 0 
for simple pipe junction), and m~ is the flow in k th pipe at the junction end and is equal to m2 
if the junction is preceding the pipe and mi- i  if the pipe is preceding the junction in assigned 
flow direction. This may be rearranged as 
P j  - 
K RTAt /2  K RTAt/2 = + (26) 
Vj --[-- E~=I  AkA~k k--1 Vj + EL I  AkAxi k----1 
K K 
Pj -Cj Ernk = P~j +Cj  Eml ,  (27) 
k--1 k--1 
or 
where 
K K 
E(P j )  = Pj - Cj ~"~ mk - P~ - Cj ~"~ m~ =0,  (28) 
k--1 k--1 
 at/2 
Jr" EK=I AkAXk " 
The equation (27) or (28) gives pressure at the pipe junction (or tank) which is the pressure at 
the end of the meeting pipes at the respective junction. In case of the centrifuge machine, it will 
be average pressure in the machine and equations (8)-(10) will be needed to compute pressure 
at feed, product, and waste pipes connection to centrifuge with the help of equation (6). 
4.3. Valves 
In a case when a valve is closed, the flow is zero and when it is fully opened, the area A of the 
valve aperture is used in equation (11) or (12) for A~ depending upon the down and up stream 
pressure ratio. However, if the valve is closing or opening, then equation (13) is used to calculate 
the current cross-sectional rea of the valve aperture given by 
Av - A°v __sA (29) 
At = r '  
or 
sAAt  
Av = A~ + ~ ,  such that 0 < Av >_ A, (30) 
T 
where s is 4-1 depending upon the valve opening or closing. However, if the change in cross- 
sectional area of valve aperture is not a linear function of time, then accordingly, the prescribed 
function may be modeled. In symbolic form, the valve flow equation is given by 
F(m,~) = O. (31) 
4.4. Mode l  Layout and Solution Procedure  
As shown in Figure 4, the model data is read and pipe links are divided into even or odd 
number of segments depending upon the ends fittings. The junctions data of associated pipes 
numbers and nodes is recorded and recurring constants calculated. Then with the given end and 
initial conditions, the set of pipe equations (5) is solved for all the pipes and then junctions and 
valves equations are solved twice or thrice along with sonic flow checking, calculation and super 
imposition. The values calculated are relaxed with respect o that of previous iteration and the 
previous iteration values are then replaced by the resultant values. The procedure is repeated for 
one time step till the convergence riteria is met. Then the time step is increased and the whole 
procedure is repeated for all the time steps required for wanted time status of the system. 
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Ca lcu lat ion  o f  admismible [ 
recur r ing  constant  [ 
[ Read  init ial condi t ions [ 
Ca lcu late  I read  in open  [ 
boundary  cond i t ion  
I Es t imate  value o f  all [ 
Junct ion  / tank  pressure  I A 
us ing equat ion  (33) ] ~ L~ eL 
o a=o 
* ~ 0 fo r  each pipe us ing [ ,, 
H ~ m j unct ion  / tank  pressures  [ ~ .~ 
q4~@ .~.~ ~ o 0.0.  
Yes 
0, - ,~  
Replace the respect ive value[ 
o f  X by  my f rom (11) & (12~ 
I Set values of 
m,PffiX 
I 
V 
Figure 4. Modified flow chart of the transient flow model 
5. SIMULATION OPTIMIZING TECHNIQUES 
The following techniques were evolved uring development of the simulation model. Their use 
improved the computation and made the simulation efficient with results being more realistic. 
5.1. Improved Solution Approach 
Discretised approach for solution as given by [2] is to solve the set of simultaneous equations 
for each pipe to the convergence limit and then solve the equations of junctions (including tanks) 
and repeat he procedure until pressure at junctions (tanks) ceases to vary appreciably. This can 
easily be understood and coded on the computer. However, an improved approach given in the 
flow chart Figure 4 has been found more efficient in convergence rate. 
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In this approach, the inner and outer loops are merged together with two or three iterations 
of the outer loop for every single iteration of the inner. Thus, the procedure of carrying out the 
local iteration to convergence for all of the components is now limited to only two or three passes. 
The convergence criteria is based on pressure throughout the network, because it varies minutely 
as compared to the flow rate and is practically never zero or - re .  
The procedure of local convergence checking for all the components after every local iteration 
is avoided and only global convergence checking after every iteration of the inner loop is adopted. 
This has increased the convergence rate of the results. 
5.2. Computation of Friction Factor f 
Using constant value of f throughout the calculation for all pipes, or, different values for each 
pipe based on average flow, using equations (20)-(24) is not appreciable. Rather, f calculated on 
the basis of estimated flow at each flow associated point of each pipe in previous iteration gives 
better and much quicker convergence and theoretically more justified than based on constant 
or average flow. Theoretically, the computation load is increased by computation of f for all 
points at all iterations, but this results into very fast convergence by cutting down the number 
of iterations needed. 
5.3. Improved Relaxation Method 
Under- and over-relaxation f calculated pressures or flows does not help the convergence. 
Rather, use of 
un = sign(X ) , 
for all flow associated points is much faster as long as the product under the square root does 
not become zero or - re .  Along with square root estimation for all the points with +re product, 
the under relaxation for only the points where product of X•Un-1 become zero or - re  is more 
practicable. 
One draw back of square root relaxation is that estimated value is always closer to the numer- 
ically smaller number of the two components of the product. This in certain cases, particularly 
in the closed loop pipe networks, gives rise to oscillations of successive iterations as shown in 
Figure 5 below. 
Q 
Q 
\ // 
Oscilation of results / /  
// 
/ 
// 
iterations 
Figure 5. Oscillation of results wi th iterations. 
The reason for this is that the approach of this method to correct a solution is unidirectional, 
i.e., by +re increment. The method is modified to approach the correct result both from +re 
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and -re directions. The modified method is given by 
U= ~ ,  
AU -- Xn sign (Xn) - U, 
if AU is + veU,~ = U * sign (Xn), 
if AU is - veU. = U.-1 - AU * sign (X,~). 
5.4. Tridiagonal Matr ix  for Links in Place of P ipes 
The junction equation has K + 1 unknowns, where K is the number of pipes meeting at the 
junction. If K = 2, the unknowns are three which may fall on the three main diagonals of the 
equation matrix of the link, if the sequence of pipe and mesh number is diligently formed and 
thus need not to break the matrix at these junctions. They should only be broken for three or 
more pipe junctions. Thus, the solution procedure of a pipe is carried out for links between three 
or more pipe junctions in place of a pipe. The corresponding tridiagonal vectors to be formed for 
links between such multileg junctions. The equations of two leg junctions within a link are placed 
at the respective location in the sequence of nodes of the link. This further reduces computer 
storage and computational time. 
5.5. Valves Inclusion 
The algebraic equations (ii) or (12) of the valve with time dependent variation in cross- 
sectional area posed some problems and could not be used within the set of simultaneous equa- 
tions. Superposition of the flow calculated from these equations in place of flow calculated by 
equation (17) for the point at the valve position with its necessary adjustment in the iterative 
loop gives satisfactory results. 
5.6. Numerical  Instead of Rough Analytical Est imation 
The procedure adopted in [2] for estimation of pressure at junction is well known. The first- 
order Newton Raphson method [9,10] is given by 
Pj,n+l --- ej,n - E(Pj,n) (32) 
E'(Pj,n) ' 
where E(Pj,n) is the value of the function on the L.H.S. of equation (28) and E~(Pj,,~) is the value 
of its derivative at n th iteration. E'(Pj,n) is calculated by differentiating E(Pj) with respect to Pj 
using values of Pj,n and inn's of all meeting pipes. Differentiation of the L.H.S. of equation (28) is 
complicated as it contains (d(~-~ mn))/dPj,~, where ~ m~ are to be evaluated from equation (17) 
for each of the respective points and it being complicated expression does not yield the analytically 
correct solution. The approximations are therefore needed, which must be correctly parameter 
and variable dependent, otherwise it will give rise to iteration dependent oscillations in solution 
vec~r and may not converge to the solution in some cases. 
Instead of the Newton l~phson method, an elegant use of the Secant method [9,10] or numerical 
differentiation of E(pj,n) in equation (32) gives quicker and better esults. In this method, new 
value Pj,n+l is calculated from the relation 
~ - Pj,n- 1) (33) Pj,,~+I = Pj,n - -  E(Pj,,~) E( E(Pj,n-!)" 
To start with at any time step, approximate values of variable and its function are required 
to solve equation (33) which are either calculated using equation (32) or from any other suitable 
method giving two different values assigned to previous two iterations. Similar procedure is 
adopted for calculation of flow through the valves given by equation (13). 
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5.7. Evading Matr ix Inversion 
The set of equations for a pipe or link results into a tridiagonal matrix [A] which can be very 
easily solved with TRIDAG subroutine and there is no need of any matrix inversion. However, 
the set of equations for the whole system may need matrix inversion and other manipulation 
for simultaneous solution. In this case, the junction of three or more pipes yield the equation 
which contain four or more unknowns which if written along with the equations of pipe to solve, 
simultaneously results into matrix which has nonzero elements in the upper and lower off-diagonal 
triangles along with the elements in the main three diagonals. The solution of this large sparse 
matrix with constant matrix [D] requires huge computer storage and time for matrix inversion and 
other manipulation. This discourages the beginners with limited resources, but certain success 
in this field has been achieved which yet needs ophistication and the work is in progress. 
5.8. Friction Multipl ier Introduction 
General treatment given in the literature only deals with network without any reference to 
pipe fittings, expansion, and contraction losses while dealing with unsteady flow. Thus, results 
of these transient models may greatly differ from the practical or experimental results. In steady 
flow, equivalent length that is normally added to the actual pipe length to include their effect. 
Another approach to cater this effect of flow abstracting fittings in steady state flow is to use 
the reduced cross-sectional diameter of pipe in flow rate computation. Addition of equivalent 
length in case of transient flow rate computation i creases the time of travel of fluid and also the 
volumetric apacity which may not transmit he actual intensity of a pressure surge. On the other 
hand, decrease in diameter increases the unrealistic intensity of a pressure surge. A multiplier 
of friction term in equation (16) is calculated on the basis of fittings, bends, contractions, and 
expansions keeping the length and diameter of the pipe unchanged. Thus, the effect of fitting 
is divided over the length of only that section of a pipe which contains the fitting and not the 
whole pipe. 
5.9. Friction Factor Modif ication 
Friction factor f is calculated from equations (20)-(24), but in the case when there is no flow 
or medium is static, then Re becomes zero which makes f = 16/Re infinite and replacement of
infinity by any value is unrealistic. The formulae for Re and f are 
Re=4lml  and f= 16 
rDy Re" 
In place of calculating f from the above equation, the factor f~ may be calculated and used from 
the following: 
16 
f '  =/ira[ =  lml = 4 vD. 
Thus, in the case of laminar flow, f can be calculated and used in friction term of momentum 
equation in place of [mlf. In order to apply homogeneous procedure, [mlf is calculate in place 
of f in all the cases and the friction term of equation (17) is modified to be 
8RT fAx  
A2BD(Pi+I + Pi-1) mi. 
5.10. Simulation of Sonic Discharge Choking 
In the network simulation model, wherever gas discharges into a big pipe or a tank, sonic flow 
condition may exist if the down and up stream pressure ratios are less than or equal to 0.5. At 
all such points, this condition is checked, and accordingly, sonic or subsonic flow is calculated 
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and used for its conformity with the physical system. Thus, down stream pressure controlling 
the flow in the discharging pipe is calculated on the basis of sonic velocity given by 
C = v /~RT,  
and therefore, the flow is 
PC 
m = pvA = peA = -~A,  
and hence, down stream pressure is
P = mAC = = 
Thus, if the pressure calculated by the simulation model at the exit end of a discharging pipe 
is less than or equal to the pressure given by equation (34), the flow rate calculated by the model 
is replaced by sonic or choked flow given by equation (12) for its conformity with the physical 
8yHtem. 
5.11. Computer  Core and Time Saving 
Matrix [.4] has been written in more suitable form and now it is not required to store all the 
three diagonal vectors [a], [b], [c] for each pipe. It only needs to store [b] for each pipe as each 
element of [a] is -1  and that of [c] is 1. The "TRIDAG" subroutine is accordingly modified by 
directly substituting the values of [a] and [c] to save computer time and storage. 
5.12. Preference of Total Flow Over Flow Flux 
The expression of equations (1) and (4) becomes simple when mass flux G [2,3,11] is used in 
place of m/A (the total mass flow rate divided by area of pipe), but it increases the computation 
at every iteration, the mass flux G at each end of a pipe must be multiplied with its area of 
cross-section to get the flow rate required for the net sum of mass flow rate to a junction or tank. 
6. CONCLUSION 
The model described above can simulate the real-life system of a closed loop, medium size 
complex pipe network. The size of the network is, however, constrained by computer storage. 
The solution procedure and tec_hniques developed have improved the efficiency and accuracy of 
the results. The model was successfully run and the results matched with the experimentally 
measured values. Although the authors ucceeded in mathematically modeling and developing a 
code to simulate the system, there is room for improvements in solution algorithm and optimizing 
techniques. 
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